The damping capacity of Co-Mn system which undergoes fcc ! hcp martensitic transformation has been studied as a function of " volume fraction using an inverted torsional pendulum. The damping capacity increases linearly with increasing " volume fraction regardless of manganese content, and is represented by ¼ 0:05 þ 0:27f " where is the damping capacity in logarithmic decrement of Co-Mn system and f " is the " volume fraction. The main damping mechanism of Co-Mn system containing " martensite is the movement of stacking fault boundaries in " martensite plates.
Introduction
Machine designers have long sought to decrease the level of noise and vibration arising from moving metallic parts in machines, vehicles, and other applications. One solution has been to employ materials with a high damping capacity in manufacture of such components in order to keep the noise and vibration to a minimum. Many kinds of materials with high damping properties, such as Mn-Cu alloys, 1) Cu-Zn-Al alloys, 2) Ni-Ti alloys, 3) Fe-Co-Mo-Cr alloys, 4) Mg-Zr alloys, 5) and Co-Ni alloys, 6) have been developed and partially used in industry.
Recently, we have reported [7] [8] [9] [10] that an Fe-17%Mn alloy undergoing (fcc) ! "(hcp) non-thermoelastic martensitic transformation possesses a high damping capacity which is strongly dependent on the amount of " martensite. Co-Mn alloys also experience (fcc) ! "(hcp) non-thermoelastic martensitic transformation.
11) It is, therefore, expected that these alloys exhibit a high damping capacity like Fe-17%Mn alloy. However, there have been no studies about the damping properties of the alloys. In the present study, some Co-Mn alloys with different " volume fractions at room temperature were prepared, and the damping properties of these alloys were examined as a function of " martensite volume fraction, and the damping mechanism was discussed in comparison with the Fe-17%Mn alloy.
Experimental Procedures
Three Co-Mn alloys of 21, 24, and 26 mass%Mn were melted in vacuum by means of a high frequency induction furnace, and were cast into a metallic mould. The ingots of about 4 kg were homogenized in a protective atmosphere at 1273 K for 24 h and hot-rolled to bars with a diameter of about 13 mm. From the bars, the specimens for microstructural observation, X-ray diffraction test, and damping capacity measurement were prepared by rolling and machining. All the specimens were solution treated at 1273 K for 1 h and were subsequently quenched into water of room temperature. The chemical compositions of the alloys used in this study are listed in Table 1 .
The specimens for optical microstructural observation were electro-polished in a solution of 10%HClO 4 + 90%CH 3 COOH, and etched with a solution of 60 mL HCl + 15 mL HNO 3 + 15 mL CH 3 COOH + 15 mL H 2 O. Foils for transmission electron microscopy (TEM) were jetpolished in a solution of 10%HClO 4 + 90%CH 3 COOH and then observed in a JEOL JEM-200CX operating at 200 kV. The volume fraction of " martensite was determined by measuring the integrated intensities of " (10 Á 1) and (200) X-ray diffraction peaks. [12] [13] [14] The damping capacity was measured at room temperature using an inverted torsional pendulum which is schematically illustrated in Fig. 1 . The damping specimen was 186 mm in total length, 7 mm in gauge diameter, and 157 mm in gauge length, and was freely vibrated at a frequency of about 20 Hz. The damping capacity was evaluated in the logarithmic decrement () defined as the following equation. where a n and a nþ1 represent nth and (n þ 1)th strain amplitude, respectively.
Results and Discussion
The M s temperatures of Co-Mn alloys were measured using a dilatometer during cooling from 1273 K at a cooling rate of 10 K/s, and the results are listed in Table 2 , alongside of the amounts of " martensite in as-quenched state measured by a X-ray diffraction method. [12] [13] [14] Figure 2 shows the optical micrographs of the Co-Mn alloys quenched from 1273 K into water of room temperature. Thin " (hcp) martensite plates are observed in Co-21%Mn and Co24%Mn alloys, but a complete (fcc) phase is shown in Co26%Mn alloy, as expected from the M s temperatures and Xray diffraction tests. The " martensite plates consist of the numerous parallel stacking faults to accommodate the strain energy due to the shape deformation associated with martensitic transformation, as shown in Fig. 3 .
The damping capacities of the as-quenched Co-Mn alloys were measured at room temperature, and are plotted against Mn content in Fig. 4 . The damping capacity parabolically decreases with increasing Mn content, probably due to the change in " amount with Mn content. Therefore, the damping capacities are replotted against " martensite amount in Fig. 5 . The figure shows clearly a linear relation between the 
Logarithmic Decrement (δ)
Mn Content (mass%) Fig. 4 The relation between the damping capacity and Mn content in CoMn system. damping capacity and " volume fraction. In order to obtain the amounts of " martensite more than 43 vol% in Fig. 5 , the Co-21%Mn alloy was subzero treated at different temperatures, and the damping capacities and volume fractions of " martensite were measured at room temperature, and the results are listed in Table 3 . As shown in Table 3 , the larger the amount of " martensite, the higher the damping capacity. When the damping capacities in Table 3 are plotted against the " volume fractions, the data points are in good agreement with the extended line of Fig. 5 , as shown in Fig. 6 . This means that the damping capacity is directly proportional to " volume fraction regardless of Mn content, and the damping capacity () of Co-Mn alloys is represented by the following equation.
where f " is " volume fraction. The Co-Mn alloys exhibit ferromagnetic property at room temperature, 11) and in order to separate the magnetomechnical damping from the total damping capacity, the damping capacities of the Co-Mn alloys were measured at room temperature with a magnetic field (H ¼ 71656 A/m) and without a magnetic field (H ¼ 0 A/m), respectively. All three alloys did not show any difference in damping capacity under the two different magnetic fields, as shown in Fig. 7 , indicating that no magneto-mechanical damping contributes to the damping capacity of Co-(21-26%)Mn alloys. Therefore, the damping capacities of Co-Mn alloys except for the " free Co-26%Mn alloy are probably due to the movement of defects associated with " martensite itself, such as the movement of =" interfaces and the movement of stacking fault boundaries in " plate, as reported in the previous studies [7] [8] [9] [10] about Fe-Mn alloys. In the case of Co-26%Mn alloy, the movement of stacking fault boundaries existing in the phase is considered to contribute to the damping capacity of the alloy because of no existence of " martensite.
Meanwhile, the total area of =" interfaces per unit volume of materials increases with increasing " content and decreases above approximately 50 vol% " as shown in Fig. 8 , owing to the increase in "=" interfaces. Therefore, when the both damping mechanisms, the movement of the =" interfaces and the movement of stacking fault boundaries in " plates, operate simultaneously, the total damping capacity [ð=" þ sfbÞ] could be represented by a curve AB in Fig. 8 . However, when a single damping mechanism of the movement of stacking fault boundaries in " plates is applied, the damping capacity is represented by a dotted line AB because the total area of stacking fault boundaries is Logarithmic Decrement (δ)
ε Martensite Content (vol%) Fig. 5 The relation between the damping capacity and " volume fraction in Co-Mn system. proportional to the " volume fraction.
From this simple theoretical model, the linear relation between the damping capacity and " volume fraction in Fig. 6 suggests that the damping capacity of Co-Mn alloys with " martensite is mainly attributed to the movement of stacking fault boundaries in " martensite plates. This is well supported by the fact that no change in width of " plates before and after 2% tensile deformation is observed in Co21%Mn alloy, as shown in Fig. 9 .
Conclusion
(1) Martensite start temperature (M s ) of Co-Mn system decreases with increasing Mn content, and the martensites formed in the system are thin plate " martensites in which a lot of the parallel stacking faults exist as a substructure. (2) The damping capacity () of Co-Mn system shows a linear dependence on " volume fraction regardless of Mn content, and is empirically represented by ¼ 0:05 þ 0:27f " where f " is " volume fraction. (3) The main damping mechanism of Co-Mn system with a mixed structure of and " is the movement of stacking fault boundaries in " plates. 
